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SPECIFICATION 

Combined thermal analyzer and X-ray Diffracto meter 

5 This invention relates to a scientific apparatus and a method for observing thermodynamic and structural 5 
properties of materials. It particularly relates to an instrument for simultaneous calorimetric and X-ray 
diffraction analysis. 

In characterizing the physical and chemical behavior of substances, it is customary to separately investigate 
both their thermodynamic (e.g., calorimetric) and their structural (e.g. crystallographic) properties. 
10 Thermodynamic properties are commonly determined by differential scanning calorimetry (DSC) and by 10 
differential thermal analysis (DTA). Modern DSC and DTA instruments are highly advanced, affording sensi- 
tive temperature regulation and measurement, often to a fraction of a Centrigrade degree. A sample may be 
heated rapidly through a wide temperature range, and calorimetric output measured with precision, over a 
period of a very few minutes. 
15 Crystallographic properties are often studied by X-ray diffraction (XRD) spectrometry. To achieve high 15 
resolution, diffraction data have been collected on photographic film, or with scintillation counters. Such 
procedures are slow, requiring data collection times of thirty minutes or more for each pattern at each 
temperature. A single scan over a range of temperatures may consume most of a day or longer. Because of the 
slow data collection times for X-ray diffraction scans, structural and calorimetric data could not be correlated 
20 for fast processes. In industrial processes, heat and/or chemical treatments often occur in a matter of a few 20 
minutes or seconds (i.e. the extrusion of a polymer or the oxidation of a catalyst). In addition, the equipment for 
heating samples in X-ray diffraction analysis has been comparatively crude, e.g., uniform sample temperature 
control within five degrees has been attainable only rarely except near room temperature. For both reasons, 
rapid scanning, t.e„ dynamic reading of a series of X-ray diffraction patterns correlated accurately and 
25 simultaneously with temperature rise as a sample is heated, has not been previously practiced. 25 
Instead, the usual approach has been to analyze a sample first by one of the foregoing techniques and then 
by the other. Data from the two determinations were correlated as best might be, to elucidate as far as possible 
the thermostructural behavior of the sample. However, due to the differences in sample heating conditions 
and sample size, and in the data collection times between DSC and conventional XRD, the diffraction and 
30 calorimetric data did not correlate well when trying to assign an observed structural change to a particular 30 
calorimetric event. In applying this method to multi-component samples, separate physicochemical 
phenomena occurring at closely spaced temperatures were often missed or misinterpreted as were indica- 
tions of transitory species and irreversible phase changes occurring over a period of a minute or two. 
More recently, one aspect of this situation has been improved. Position sensitive detectors have been 
35 developed as X-ray detectors, dramatically increasing the speed of acquiring diffraction data. With them, the 35 
time scale for X-ray diffraction analysis can be shortened to be compatible with that of differential thermal 
analysis and differential scanning calorimetry. 

The present invention takes advantage of this improvement and provides a workable instrument and 
method for simultaneous dynamic observation of thermodynamic and structural properties of a sample 
40 undergoing temperature and/or environmental change. 40 
The instrument of the invention includes in combination both an X-ray diffractometer and a tU* • ... , analyzer 
(either a differential scanning calorimeter or a differential thermal analyzer) mounted to coopt, e 3nd 
simultaneously coact on the same sample undergoing analysis. The diffractometer includes * source of an 
X-ray beam directed to impinge on a sample also being acted upon and observed for determination of certain 
45 thermodynamic properties, and a rapid position sensitive detector to receive radiation diffracted from the 45 
sample to determine structural properties. The thermal analyzer includes within a sample holder assembly, a 
sample holder on or by which means the sample is positioned and retained for the joint analysis. The sample 
holder assembly has an inlet port or X-ray transparent window positioned to allow the diffractometer X-ray 
beam to strike the sample in the holder and an outlet slit or windowto allow passage of diffracted radiation to 
50 the X-ray detector. The analyzer also includes control means for changing the temperature of the sample in the 50 
holder and means for observing the thermodynamic behavior of the sample during such change. 

The X-ray source preferably provides a focused monochromatic beam. Advantageously, it is a line source 
equipped with a Guinier diffraction system and a curved focusing monochromator. The source and the sample 
holder (and the surrounding enclosure) are arranged geometrically so that a sample in the holder lies at a point 
55 along the focusing circle of the diffractometer. 55 
The X-ray detector is preferably a position-sensitive proportional counter mounted for movement about the 
focusing circle of the diffractometer with the sensitive element placed along the arc of the circle. The detector is 
connected to electronic readout circuitry. This may include a multichannel analyzer with a display terminal or 
recorder to indicate numerically and graphically the positions and intensities of the lines forming the X-ray 
60 diffraction pattern. 60 
The thermal analyzer is preferably a differential scanning calorimeter provided with electronic readout 
circuitry to display and record both the temperature of the sample throughout analysis and the existence and 
magnitude of calorimetric events occurring in the sample. The circuitry also contains means for controlling the 
temperature of the sample in the holder. Beneficially, this means is programmable to increase, decrease or 
65 hold the temperature. 65 



As a non-limiting example, the sample holder assembly (sometimes 
assembly or cell) may comprises a protective enclosure, conveniently a metal block with a cover to seal tne 
fnTertofSgh^ThTbLk contains two chambers (or alternatively a single common chamber) for the sample 
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The basic elements of the invention, in a preferred form, are shown schematically in Figures 1 and 2. They 
include an X-ray diffractometer, Indicated generally as 1 7, and a differential scanning calorimeter, the sample 
holder assembly of which is indicated generally at 1 8. They are grouped together closely and are mounted on a 
common base 19 for alignment and positioning purposes as will be described further below. 
5 A sample 20 of material to be studied is held in a small pan 22 or crucible, e.g., of aluminum foil, and placed in 5 
a sample holder 96, Figure 3, within the sample holder assembly 1 8. Only milligrams of the material, usually as 
powder or film, are required. The sample holder assembly of the block design mentioned previously is made 
from a protective enclosure block 24 taken from a commercial instrument However, it is modified and placed 
so that it also serves as the sample support of the X-ray diffractometer. In this way, the diffractometer 17 and 

10 calorimeter 18 share the sample in common and study it simultaneously. 10 
In the diffractometer 17, a source 26 produces a beam 28 of X-rays which impinges on a monochromator 30. 
This latter disperses and redirects the X-rays, providing a monoenergetic beam 32 which converges on the 
sample 20. The X-radiation passes through the sample, and a part is diffracted away from the main beam at 
various fixed angles. Two are shown in Figure 1 as 34 and 34'. The diffraction or "scattering" angles, 

1 5 conventionally called 20 (two theta), and the corresponding intensities of the diffracted X-rays, are characters- 1 5 
tic of the crystal structure(s) of the sample. The diffracted X-rays are collected by a position sensitive detector 
36 Detector 36 registers the arrival of diffraction radiation and also provides information about where along its 
length (one-dimensional detector) or over its area (two-dimensional detector) the radiation was absorbed. See 
also the transactions of The American Crystallographic Association, Vol. 18, 1982, page 9, R. C. Hamlin, Ed. 

20 This detector is of known design and includes a 25 micron diameter wire 38 for sensing the angular positions 20 
and frequency (i.e., counts/sec) at which incident X-ray photons enter. The detector, which covers an angular 
range of about 20° two theta, is connected to a multichannel analyzer 40 (Figure7). This latter stores the output 
data indicating angular position and intensity of the diffraction data. The detector and analyzer are further 

described below. , , , . 

25 Both the test sample 20 and the detector 36 are positioned so that they lie in a horizontal plane on the 25 
circumference of the focusing circle 41 of the X-ray diffractometer (dashed circle in Figure 1 ). At all points along 
the circle, the X-rays are at their best focus and resolution of the diffraction data is at its highest. The position of 
the sample 20 stays fixed, but the detector 36 is mounted on a bracket 42 pivoted about a post 44. The post is 
screwed into a mounting block 46 held adjustably on the base 19 by means not shown. The mounting block 46 

30 is positioned so thatthe post 44 us at the center of the focusing circle 41 . In this arrangement, the detector may 30 
be revolved to successive positions along the focusing circle when it is desired to observe data over an angular 
range greater than that subtended by the detector in a single location. 

The enclosure block 24, which supports the sample 20 in the path of the X-ray beam 32, is closed by a cover 
48 To allow passage of the X-rays, the wall of the block 24 and the cover 48 are machined out to form an inlet 

35 port 50 for incoming X-radiation and an exit slit 52 for the X-radiation (Figures 2 to 4). The port 50 is tapered 35 
conically, narrowing down inwardly to minimize intensity loss of the converging X-ray beam 32 towara the 
sample. A small hole 51 is machined in the side of sample holder 96 near the location of the sample pan 22 to 
allow X-rays to impinge directly upon the sample 20. The sample holder cover (not shown) which is normally 
placed on top of the sample holder 96 must be modified or removed, as in this case, to permit the diffracted 

40 X-rays to exit the sample holder 96 and enclosure block 24. For optimum DSC heat measurement sensitivity 40 
the X-ray inlet port 51 and the sample holdertop may be covered with an X-ray transmitting material which will 
help to minimize unwanted radiative and convective heat transfer from the sample. Additional! vhen the 
chamber in the block is to be kept gas-tight, the inner and outer ends of the inlet port and of exit slit are 
covered with thin films 54 and 56 of X-ray transmitting material, such as a sheet of beryllium or of Mylar 

45 (polyethylene terephthalate plastic). Mylar windows have the advantage that the sample can be visually 45 
observed at any time during an experiment if the sample pan is not covered. 

For positioning the sample 20 in the X-ray beam, the sample holder assembly 1 8 is adjustably mounted in all 
directions by securing it to a mounting assembly 58 (Figure 2) which rests on the base 19. The block 24 of the 
sample holder assembly is mounted on a plate 60 which is tilted so that the X-ray beam 32 can impinge at an 

50 angle on the sample 20. Thetilted block also provides a good thermal contact between the sample pan 22 and 50 
the sample holder 96. The plate is adjustably secured to a pillar 62 which is socketed and pinned at 72 to a 
threaded post 64. The post 64 is seated at its other end in a mounting block 66. A nut 68 allows for vertical 
adjustment of the sample holder assembly. For lateral adjustment, the mounting block 66 is slideably 
adjustable relative to the base 19, to which it is held by screws. The sample holder assembly may be pivoted to 

55 a desired position and locked in place by a locking screw 71. 55 
In a preferred embodiment of the invention, the X-ray detector 36 is a linear position sensitive proportional 
counter, a commercially available unit It is shown schematically in Figure 5. This detector has an elongated 
shallow box-like housing 74. Terminals 76 are insulated from the housing and support a single straight anode 
counter wire 38, a carbon-coated quartzfiberof high resistance. High voltage is applied between this wire and 

60 one or more cathode elements 75 paralleling it. Diffracted X-ray photons 34 enter the counter through a 60 
beryllium window 80 and initiate gas ionizations which characterize their entrance positions along the counter 
wire. External circuitry supplies the required voltage and records the angular positions and the intensities of 
the diffracted X-rays. A gas mixture, such as argon-methane or xenonmethane, may be passed under pressure 
through the housing byway of an inlet 82 and an outlet 82' (Figure 7) to maintain, in a known manner, the levels 

65 of sensitivity and efficiency of the detector. 
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Instead of the linear detector just described, an alternative, is a curved detector as shown in Figures 6A and 
6B. Here the housing 75a is of arcuate shape and supports a curved counter wire 38a. One such curved counter 
is described in U.S. Patent No. 4,076381 . Various position sensitive detectors optimize either speed, detection 
area or resolution. Depending on the particular experiment, one type of detector may be preferred over 
5 another (e.g., for a detailed discussion of common errors associated with these detectors, see Reference (1), 5 
below). The following references describe these detectors: 

(1) R. A. Newman, T. G. Fawcett, P. M. Kirchhoff, Advances in X-ray Analysis, Vol. 27, 1984 (in press). 

(2) H. E. Gobel, Advances in X-ray Analysis, Vol. 22, 1979, p. 255-265. 

(3) H. E. Gobel, Advances in X-ray Analysis, Vol. 25, (1982), p. 315-324. 

10 (4) C. O. Ruud, Industrial Research and Development, January, 1983, p. 84-87. 10 
(5) Proceedings of the Symposium on New Crystallographic Detectors, Transactions of the American 
Crystallographic Association, Vol. 18, 1982, R. C. Hamlin, Ed. 

The control and display apparatus associated with the detector 36 is shown diagrammatically in Figure 7. 
The gaseous atmosphere in the detector is provided from a supply 84 which regulates flow and pressure. The 

15 high voltage of the sensing wire 38 is delivered by a source 86. The X-ray output data from the detector are 1 5 
stored in a digital analyzer 40 in about 1 500 discrete channels, each corresponding to a location along the wire 
38. Thus, the detector and analyzertogether observe incident X-ray photons and record the diffraction data as 
angular positions or addresses at which the diffracted photons enterthe detector chamberand the number of 
such incidents at each location. With a detector covering an angular range of 20° (two theta) an analyzer 

20 recording 1 500 channels can discriminate between angles of incidence with a selectivity of about 0.8 minute of 20 
arc 

For instantaneous observation, the analyzer is connected to a video terminal 88 which displays graphically 
the data accumulating in the analyzer. The raw data also go to a computer 90. This latter may be programmed 
with peak-fitting and data-reduction routines, smoothing and background-suppressing algorithms, eta, to 

25 record and output parameters such as angular positions and magnitudes of peak intensities, peak areas and 25 
half-widths, and other desired parameters. The computer output is displayed on a video terminal 92 and 
recorded on a plotter 94 or printed on a printer 95. The resulting diffraction data, in which the intensities of 
X-ray diffraction lines are plotted as a function of diffraction angles, as in Rgure 1 5, constitutes the ultimate 
data output of the drffractometer part of the instrument of the invention. 

30 The detector and the control and read-out equipment are available commercially. The method of using this 30 
detector and of interpreting results are known. For more description of detector-counters and appropriate 
circuitry, see N. Broil, M. Henna, and W. Krantz, Siemens Corporation Application Note No. 57, Sept 1980, 
Cherry Hill, N.J.; and Analytical Application Notes No. 271 from Innovative Technology, Inc., South Hamilton, 

35 M As shown in Figures 2 to 4, the sample 20 and pan 22 are placed inside the sample holder 96 which is 35 
mounted inside a chamber In the enclosure block 24 which is preferably made of a metal such as, for example, 
aluminum. This block forms a protective chamber and temperature controlled environment of the calonmeter. 
The block may include an attachment, not shown, for circulating fluid to cool or heat it The chamber may be 
made gas-tight by its cover 48. M Afx 

40 Within the block 24, the sample pan 22 rests on a thermally conducting sample holder 96 (Rgure 4). The « 
holder, supported by a center post 98 mounted on a holder support disc 99, includes a resistance heating 
element 100 and a resistance temperature-sensing element 102 in close proximity, ihese eleme. ;c are 
connected by leads to electronic control and sensing circuits shown diagrammatically in Figure : r i un 
the block 24 is a reference or matching holder assembly (shown generally as 96 ) supporting an optional 

45 calorimetric reference specimen (not shown) in a matching pan 22'. 

In a known mode of operating the differential scanning calorimeter of the general type shown, the same 
"average" power is supplied to both the heating elements 100 and 100' to control continuously the tempera- 
tures of the sample and reference material gradually through the range of temperatures over which the 
thermal behavior of the sample is to be analyzed. The temperatures indicated by the two thermometry 

50 elements 102, 102' are observed throughout the scan by the control system, which also acts to maintainthem 
in equilibrium by applying the necessary amount of power to the heating elements. When an endothermic 
event occurs in the sample, the control system supplies more differential power to the sample to keep the 
sample and reference temperatures in equilibrium. When an exothermic reaction occurs, less differential 
power is applied to the sample. The magnitude of this differential power is a measure of the magnitude of the 

55 physical or chemical process. Its value, shown by the instrumentation described, is one of the major paramet- 
ers or outputs of the apparatus of the invention. 
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In the control system (Figure 9), the programmer 104 (with its associated temperature recorder 106) may be 
preset by internal circuitry (not shown) to dictate the temperature conditions of the experiment whether they 
be heating, cooling, isothermal or a combination of these operating modes. The programmer, together with a 
computer 108, which manages the temperature averaging network, controls an amplifier 1 10 which supplies 
5 the main (or average) power to the sample and specimen. The differential power is supplied by a second 5 
amplifier 1 1 2 and is measured by a recorder 1 1 4. As shown, the circuitry includes control loops for the average 
temperature and for the differential power. This control system, which is solid-state digital throughout, is 
available commercially. The methods for operating it and for interpreting the results are known in the art. For a 
further description, see E. S. Watson et al., Analytical Chemistry, 36, 1 233-8 (1968). See also U.S. Patent Nos. 

10 3,263,484 and 3,732,722. 10 
The recorders 106 and 114 (Figure 9) may be connected together at a terminal and plotted at 1 15(Figu re 11) 
to produce a chart in which the variations in differential powerare shown as a function of temperature. Such a 
DSC curve (as in Figure 1 2a) constitutes the ultimate data output of the calorimeter portion of the instrument of 
the invention. A major advantage of the invention is that these catorimetric data may be correlated accurately 

15 with the X-ray diffraction data produced simultaneously by the diffractometer. Detailed insight into both 15 
structural and thermodynamic properties of the sample is thus possible. 

The X-ray diffraction unit, as described and shown in Figure 1, employs the geometry of the Guinier 
diffraction system and is equipped with a Huber curved focusing crystal monochromator. In the Guinier 
system, the sample 20 is located at one point along the focusing circle 41 of the diffractometer, while the 

20 detector 36 is at a different point along the circle. The X-ray beam 32 is converging as it passes through the 20 
sample but is not sharply focused on it The focus is at a third point 116 along the circle 41. For practical 
reasons, the main beam may be terminated short of focus by an X-ray stop. The X-rays 34 diffracted by the 
sample reach true focus at points along the circle 41, within the detector 36. This Guinier geometry and its 
consequences have been considered at length by H. E. Gobel, Advances in X-Ray Analysis, 25, p. 315-324 

25 (1982), and by T. G. Fawcett et al., loc. cit, 26 p. 171-180 (1982). 25 
The Guinier geometry, while preferred, is not an essential requirement of the present invention. An 
alternative system is the Bragg-Brentano system, shown in Figure 8. In this system, the X-rays 28 are 
generated by the source 26 at a point which is itself along the focusing circle 41 . The sample instead of being 
placed along the circle, is at its center 120. The sample may be in either a reflection 21 or transmission 23 

30 position. X-rays diffracted from the sample a re observed by the detector 36 at points along the circumference 30 
of the focusing circle 41 . This system has also been discussed by H. E. Gobel, Advances in X-Ray Analysis, 22, 
p.255-265 (1979). 

Still another geometry satisfactory in the invention is that of a Debye-Scherrer camera, as described in U.S. 
Patent No. 4,076,981. 

35 The X-ray geometry may be either wide angle or low angle, i.e. Statton, geometry. A line source, mono- 35 
chromatic and focused, is preferred. High resolution systems are helpful. 

An alternative diffractometer and DSC configuration is shown in Figure 10 where the X-ray beam is passed 
vertically through the bottom of the sample holder. Such a configuration should provide better DSC sensitivity 
by an improved thermal contact; and an improved X-ray sensitivity by placing more sample specimen directly 

40 in the X-ray beam. In the Figure 10 arrangement, simultaneous X-ray and calorimetric measurements are 40 
made using an enclosure block 24 which rests horizontally on a table. The X-ray beam 32 is directed vertically 
upward, entering through an inlet window in the bottom of the block and leaving through an exit w 5 r iow in the 
top of the block. Diffracted X-rays 34 pass through the exit window to the detector 36. The sample holder and 
holder support post have, e.g., hollow centers in orderto allow forthe transmission of X-rays. The sample rests 

45 in a pan (not shown) made of an X-ray transmitting material. Besides allowing for a number of geometric 45 
arrangements of the diffractometer, the invention also admits of various ways of mounting the sample and 
sample enclosure relative to the X-ray beam. For example, an alternative arrangementto Figure 1 0 may utilize 
the Bragg-Brentano geometry (Figure 8) forthe diffractometer portion of the instrument in place of the Guinier 
transmission geometry (see Figure 1 ). The Debye-Scherrer geometry is also feasible. Generally, any arrange- 

50 ment may be utilized which allows for impinging an X-ray beam on a sample and for observing the diffracted 50 
X-rays with a position sensitive detector. 

The simultaneous observation of X-ray diffraction patterns and thermal data according to the invention may 
be used with advantage in studying phase transitions in solid or semi-solid samples while they are undergoing 
chemical reaction with a gas. Such studies are particularly valuable in investigating oxidation and reduction 

55 changes in complex metal oxide compositions used as heterogeneous catalysts. For this purpose, the 55 
arrangement shown in Figure 11 may be employed. 

The sample is placed in the sample block 24 which is fitted with inlet ports 144 for admitting gas and an outlet 
port 146 for outflow. With the sample block cover in place, the only gas communication with the enclosure 
interior is through these ports. 

60 The enclosure block 24 is positioned so that the X-rays 32 impinge on the sample. Diffracted rays 34, 34' are 60 
received by the detector 36, and the resulting X-ray data are stored by the PSPC electronic module 39 (data is 
stored in multi-channel analyzer described in detail with respect to Figure 7) and displayed at the terminal 88, 
as previously described. Calorimetric signals from the enclosure as the temperature of the sample is scanned 
through a range to be studied are received by the DSC electronic control unit 113 (described in detail with 

65 respect to Figure 9) and displayed at recorder 1 1 5. A reactive gas, such as hydrogen or compressed air from a 65 
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during sSch Sang J 'Thermodynamic Properties" refers broadly to ca.orimetric measurements of samples 
wK ?«r ibe determined or observed using a DSC or DTA instrument. This generally means for DSC 
observing ©^measuring enthalpy change or specific heat capacity. For DTA experiments, it generally means or 
SrSS or measuring qualitatively or semi-quantitatively exothermic and endotherm.c events of 
th« qamnies under study as some function of temperature. 

WhlleThe^^ 
dpscriDtion it will, for added clarity, now be summarized. 
ThSSlIS and method areuseful for investigating simultaneously the thermodynamic and structural 

pro^mS^ 

as well as mixtures of materials, solid and semi-solid plastics en masseoras powder orfilm.and even liquids. 

"Tn maJna fmn a^mpl^O is placed on the sample holder 96. At the same time, a thermal reference 
*n « JLrfmln mavd^ L^ced in the Reference pan 22' on the reference sample holder 96'. The sample holder 
30 assemb" Zervt "slmunlneous^ hold the sample in place relative to the X-ray diffractometer and to 

constitute the calorimetric chamber of the thermal analyzer. 
jShSe sample and reference specimen in place, the sample holder assembly 

adjustment of its mount, sothatthe sample is inthe path of the X-ray beam at a point onthe focusing c.rde of 
35 SeX-rTydifSi^un^Thecontroland 

readie7lf agafSosphere is to be circulated through the sample chamber, this too is '*ad.ed- The controls 

aTp^ 

tK When eve'Xgis ^aJZt ray diffractrometer and calorimeter are energized. Scanning ^proceeds 
40 fdiffraciometer readout observes and records the ang.e^ a " d £ e ^ 

diffracted from the sample. (These are measures of the angular positions of the *£rachon peaks .)The ^ record 
is oresented bv the plotter 94 on which the intensity is shown as a function of diffraction angle. The pit* ! is 
reSeatedTfrequent^ 

instant throughout the scan and the differential power, if any, required to hold the sample and reference 
emperatures'in equilibrium. This record is also presented as a strip chart by the ^^I'u^Jred 
differential oowershown as a function of temperature. The temperature line is also time-marked. If desired. 
til?da2 nl?y Ss^ beTad visually on a terminal. The scan continues until the final preset temperature is 

^ToT*^ 

timemariTngsontheprintoutsmakepossibleme identification ofsimuto^^^^ 

ter printout shows a thermal event when some particular temperature was reached in the^ scan^ ^J*" 6 ^ 
ind ^ TfJaction data will show what changes, if any. took place in the diffraction pattern at the £ame 

55 moment The analyst studies the diffraction patterns and compares them with standard reference patterns 
known* l?e art as V identifying various crystal species. The comparison allows identif,cat:on of the phases 
involved in the chanqe and the nature of the change. 

ih th "apparatus of the invention, diffraction spectra and thermal events are detected ; recorded so^ 
repidly that entire scans over several hundred degrees Centigrade may be c0 ^ e ^^^^^ e 

60 analyst can detect rapid crystallographic events", such ^ ^e appearence and d,s^ 

chases having a brief life span, which would have escaped notice in the methods of the Pnor arL Tn e ana^i 
Sso famine complexmixtures and detect and identify successive phase changes '"^«a^po- 
nents which take place over a temperature interval of only a few degrees. Chem.ca 1 ™*™£™ s ° f ™™£ 
nents of a multi-component mixture can be Identified. Complex thermograms can be analyzed '» 8 sm ^ e 

65 experiment, thermally Induced structural changes, molecular orientation, crystallmity. stress, and stra.n 
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function of temperature can all be studied, due to the precise temperature control and rapid speed of analysis 
of the instrument and method of the invention. Observations of these kinds have been impossible or the 
indications have been missed or misunderstood in prior art methods. 
A further advantage of the invention may be brought into play when a thermal event or phase change has 
5 been observed in a first scan as occurring at a particular temperature, but the full details of the event are not 
clear. Anotherscan can be started, on the same or a fresh sample, but with the temperature rise stopped, or its 
rate slowed dramatically, when the temperature range in question is approached. Since only simple adjust- 
ment of the control circuitry is required, these temperature stops or rate changes can be made midway 
through a scan, whenever the need for change becomes evident. With the temperature steady or rising only 

10 slowly, extensive X-ray or thermal observations can be made to pick up critical details that may have been 
masked in the original rapid scan. This capability of interactive analysis, dynamic in that experimental 
parameters can be adjusted during an experiment, has made possible identification and characterization of 
structural and thermal correlations which have long been puzzling or even unknown. 
The techniques of the invention are especially helpful when a reactive gas is being passed over a sample 

15 undergoing analysis. The scan can be stopped at any point, and the thermal and structural changes caused by 
reaction with the gas examined at length, while they are occurring. 

Although the foregoing discussion has assumed that the temperature scans involve heating the sample, it is 
equally possible, in the invention, to scan downwardly in temperature. Observations can be started at an 
elevated temperature and cooling allowed to occur naturally or at a specified rate. To investigate ranges below 

20 room temperature, artificial cooling may be applied. The apparatus can be operated from temperatures as low 
as those of liquid nitrogen up to as high as 600°C or more. 

Example 1 

Use or operation of the invention may be further explained by the following example. 
25 In the X-ray diffractometer (XRD) 17 (Figures 1 and 7), a Philips X-ray generator providing a Cu X-ray line 25 
source delivered the incident X-ray beam 28. A Guinier diffraction system with a Huber curved focusing 
germanium crystal monochromator was used to separate CuK«i from CuK«2 and CuK/* radiation. The resulting 
incident beam 32 converging on the sample was monochromatic (wave length = 1.5406 A). 
The detector 36 was a Braun curved position-sensitive proportional counter (PSPC). This detector, with its 
30 voltage supply 86 and multichannel analyzer 40 allowed simultaneous collection of diffracted X-rays over a 30 
range of about 20° (20). Adjustably moving the detector about the post 44 to various positions allowed 
coverage of an accessible range of scattering angles, 20, of 0° to 70°. 

The differential scan ning calorimeter (DSC) used was a Perkin-Elrner DSC-2. The sample holder assembly 1 8 
was constructed from the oven of the DSC-2. An X-ray inlet and an outlet were machined in the aluminum 
35 block and were covered with a 0.1 mm Mylar film for sealed operation. The sample 20, usually about 20 mg of 35 
matenal, was encapsulated in a 0.02 mm aluminum foil and placed in the sample holder 96. When X-ray 
intensity was not otherwise adequate, holes were punched in the foil to admit the full beam. 
Operating parameters of the X-ray equipment were: 



40 X-ray source Cu line source, long fine 

focus 

Current 20 mA 

Voltage 40 kV 

PSPC gas 90% argon, 10% methane 

45 Gas pressure 11-12 bar 

Gas flow rate 1.0 cc/hr 

PSPC voltage 4.0 - 4.4 kV 
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45 



The multichannel analyzer 40 collected the diffraction data with continuous observation made via a video 
50 terminal. After collection. X-ray diffraction data files were transferred via a commercial computer interface 87 50 
to a hard disk on a PDP-11/34 computer for storage and analysis. At the end of an experiment the patterns 
were processed in known manner by inputting to a peak-fitting and data reduction routine to obtain as 
parameters the peak position, area, half-width, etc. (cf. J. W. Edmonds et al.. Advances in X-Ray Analysis,22, p. 
143 (1979).) Transfer time was about 30 seconds for a 1200 point data file. 
55 In operating this equipment, the DSC was scanned at a preset speed, usually between 20°C/min and 55 
1.25°C/min. X-ray diffraction patterns were taken at desired temperatures along the scan using collection 
times of less than five minutes per pattern. 



Example 2 

60 In a demonstration run, a sample of polyethylene was heated to melting (Figures 12A and 12B) and then 60 
cooled back to room temperature (Figures 13Aand 13B). The cycle was run at 2.5°/min and X-ray diffraction 
data was taken at two minute intervals. Correlation of the calorimetric and structural data showsthe crystallin- 
ity of the sample as a function of temperatures and thermal (calorimetric) behavior. 
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Mother example.theDSC/XRDjust described was used to investigate the Interconversibn of two organic 
oolvmorphs A typical fast DSC scan of this compound is shown in Figure 14A This compound was known to 
ShEKSo potymorphs with melting points differing by only 3" to 4°C (Figures 14B and * 
5 conducted In separate X-ray diffraction and differential scanning celorimetiy laboratory showed that quant,- 

exoertmentwas^^^^ 

but there had been no clear understanding of the phenomenon, since microscopy could not difference 
10 ^eva.£«X^ 

an XRD scan made. The equipment was programmed to heat the sample slowly <1 .25°C/m.n) until a melt ng 
endothe^n wTs first observed on the DSC output at 145X (Rgure 14B). The temperature was then held 
^sZtTtSvalueforthreeminutes while another XRDscenwas 

15 ~DSdtocycles.ineachofwhich^ 

scan was acquired, until the DSC showed the peak of the endotherm to have b^en re ° ®^"^^^*f ^^"2' * as 
Smperatureofthesamplewas held constant while more XRD scans were ^F^IIy.^tom^^wB. 
towered to 100°C at a rate of 10»C/min. With an additional XRD ecan being made. The entire run took no more 

20 ^The^aTfrom ibis mn are shown in Rgure 15. Comparison of the peaks in the diffraction spectrum ofthe_ 20 
inSlscanatroomtemperatureand^ 

fo™ LK can also be seen that the two scans taken at the peak of the melt endotherm reveal sma'forml 
SvSa linfpeaks remaining superimposed on the background. Analysis of these peaks using computerized 
pSSng^^ 

25 ~%Z£ZS^££Z» allowed precise temperature control which enabled .the 

detector to observe the polymorphic interconversion. If the temperature was too high, ^.P 0 *™^ 1 " . 
wouSmeltv^noimereonvereion.lfmetem 

convert. Only if the temperature was within 145-148°C, would interconversion take place. The interactive DSC 
30 27m££ Tto SSXrimenterthe precise point of the endothermic melt and potential mten^nve^.on. 
The x"rav data were used to identify not only the interconversion, but the rate and completeness of the 
SnveSon tsummar?, the DSC provided accurate temperature control and indicated tbe start of the 
endotherms. while the X-ray data identified a polymorphic interconversion and meaured Its rate. This was 

done on a single sample in a single experiment. m i.:„*» m «*«rf since < 

35 These results showed that previous quantitation of the polymorphs by DSC had been . 
not only did the polymorphs melt butthey also inter-converted during the expenment enabling a reconc.l.a- 
tion of the previous DSC and XRD data. , , . ^ , .,. imil u mM ,„h, 

The apparatus and method of the invention may be applied to study the interrelation of s.multeneously 
occurring structural (e.g., crystallographic) and thermodynamic changes in materials in orderto elucidate a 
40w1devarfetyofphenLena^nthe P lasticsindustry.theretoaseofstre^ < 
plastics, such as molded polyethylene, during annealing has been examined; crystallite size, structure, and 
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Examplesarerjiven In which the simultaneous DSC/XRD experiment provMea information whiehooulrlnotrie 



InXf analysis of a polymer, the DSC data were characterized by a single endothermic peak at 185°C. 
However S *h™ed *» structural events atthe same temperature. One of 

50 me^rnte was a^rystallization (exothennic) of a portion of the sample. ^^l^^Zr 
invention {DSC/XRD) showed that the observed DSC endotherm was in reality a combination of £ larger 
SenS 

of the apparatus allowed for the X-ray detection and observation of the two events ^^^iooTsL 
andelucidatedthephenomenamatthethennaltransitionat185-Cwasassociatedw.thtwoev 

55 heat flow (i.e., exo- and endotherm). 
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Example 5 

A multicomponent product containing a blend of inorganics, organics and polymers was analyzed by the 
apparatus of the invention. In addition, the experiment was run so that the temperatures, atmospheric 
environment and heating times and rates simulated those of the commercial process. The sample was heated 
5 rapidly and cooled rapidly in a cycle from 23-300°C. The entire experiment took 90 minutes. The DSC data show 5 
3 events. Prior art comparisons of the multicomponent product to standards of the individual materials 
comprising the product could only identify the glass transition of the polymer. The other two events, an 
exotherm and an endotherm, could not be identified by comparison to standards. The DSC/XRD experiment 
showed that the exotherm was a crystallization of an organic in the polymer matrix. The endothermic 
10 transition was shown by the X-ray diffraction data to be the dissolution of the organic in the sample matrix. The to 
dissolution of the organic in the product occurred 70°C below the melting point of the pure organic. When the 
experiment was conducted at either a different heating rate or under a different atmosphere, the exothermic 
and endothermic transitions were shifted by as much as40*C. Therefore, to identify the structural nature of the 
thermal transition, both X-ray diffraction and calorimetric data had to be acquired simultaneously. Prior art 
15 instruments could not simulate either the speed or the temperature control of the apparatus of the invention. 15 
The experiments also showed how complex mixtures could be analyzed and how the chemical interactions 
among the components of the mixture (i.e., the in situ crystallization and dissolution 70°C melting point) can be 
elucidated by the apparatus of the invention. Once again this analysis was critical since other experiments 
have shown that the impact strength of the product is affected by how the components blend in the mixture. 
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Example 6 

Several copper compounds and copper compounds blended with additives were analyzed by the DSC/XRD 
apparatus of the invention for potential catalytic uses. The experiments usually consist of three parts: first, a 
careful preheating of the material in a controlled atmosphere (sometimes N*, sometimes oxidative gas 
25 mixtures), second, reduction in a mixed H2/N2 atmosphere and finally, a catalyst regeneration program which 25 
involves both oxidation and reduction. 

The DSC/XRD instrument provides careful temperature control in all phases of the experiment In catalytic 
studies, this control can prevent unwanted runaway exothermic reaction (as in the reduction of metal 
catalysts). In the preheating stage, the DSC/XRD instrument provides precise measurement of thermal 
30 decomposition by correlating the DSC data with the observed X-ray diffraction patterns. On a multicomponent 30 
mixture, the correlated data identifies which material is being thermally changed and the magnitude and rate 
of that transition. Catalysts are commonly composed of the active material, a multicomponent substrate and 
other materials such as binders and pelletizing lubricants. 
In the reduction experiments, which may be run isothermaily, the DSC data indicate the start and the 
35 completion of the reductive exotherm. This is important since the X-ray diffraction data are a result of bulk 35 
transitions and are not sensitive to small changes which can be seen in the DSC data (i.e., the initiation of the 
reduction and the very last steps of the completion of the reduction). In general. X-ray diffraction methods are 
sensitive to crystalline changes of one percent by total weight The DSC data can detect noncrystalline changes 
in the material and some changes below one percent The XRD data are used to determine which material or 
40 materials are being reduced. As in Example 3, experiments have been run where the reductive exotherm at an 40 
elevated temperature has been a combination of the simultaneous reduction of CuO, CU2O and a copper salt to 
Cu (metal) all in one step. Experiments have been run where >50 percent of the total reducible (or ,x:c.zable) 
materials have been reduced (or oxidized) in less than 5 seconds. Therefore, the speed of the apparatus of the 
invention results in measured reaction rates with thermal-structural material identifications which have not 
45 been previously identified or measured. 45 
In all phases of the catalytic cycles (oxidation, reduction, regeneration), times and temperatures can be 
optimized by the use of the invention. For example, if a high surface area catalyst is desired, the apparatus of 
the invention can be used to optimize the aforementioned cycles to get the desired physical properties in the 
shortest preparation time or in the best cost effective manner. 
50 50 
CLAIMS 



1. An instrument for simultaneously observing structural and thermodynamic properties of material, 
comprising: 

55 a thermal analyzer including a generally enclosed sample holderfor retaining a samplefor analysis within a 55 
sample holder assembly, the sample holder assembly having an inlet positioned to allow an X-ray beam to 
strike the sample and an outlet to allow passage of diffracted radiation to the space exterior of the sample 
holder assembly, the analyzer also having control means for controlling the temperature of the sample and 
means for observing thermodynamic properties of the sample; and 

60 an X-ray diffracto meter including a source of an X-ray beam directed to impinge on a sample through the 60 
inlet in the sample holder assembly, and a position sensitive detector arranged for receiving diffracted 
radiation from the outlet of the sample holder assembly. 

2. The instrument according to Claim 1 in which a monochromatoris aranged in the path of the X-ray beam 
to provide a focused monochromatic beam. 
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suppl.esof P^ 3 ^ accord|ng tQ C|a|m 10 or 1 1 in which the sample temperature measurement is precise to 

30 better than 1 Centrigrade degree. , »„, ; -i 

13. An instrument for simultaneously observing structural and thermodynamic properties of matenal 
substantially as hereinbefore described with reference to, and as illustrated by any of Figures 1 to 11 of the 

"ST A SSLd Mritao to Oaim 10 of analysing a material, substantially as hereinbefore described with 
35 reference to, and as illustrated by any of the accompanying drawings. 
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3. The instrument according to Claim 1 or 2 in which the X-ray source is a line source equipped with a 
Guinier diffraction system and a curved focusing crystal monochromator. 

4. The instrument according to Claim 1 , 2 or 3 in which the position sensitive detector is positio _ned on a 
focusing circle, the sample holder assembly is mounted so that a sample in the holder is positioned at J pomt 

5 along the focusing circle and the detector is moveabfy mounted along the circumference of thefocusing circle 

and is connected to a multichannel analyzer. 

5 The instrument according to Claim 1 . 2 or 3 in which the position sensitive detector is positioned on a 
focusing circle, the sample holder assembly is mounted so that a sample in the holder is positioned at a point m 
SeTenterof the focusing circle, and the detector is mounted along the circumference ofthe focusing circle and 

10 is connected to a multichannel analyzer. . 

6. The instrument according to any one of the preceding claims in which the thermal analyzer is a 

15 T°tX££S according to any one of the preceding claims in which the sample holder assembly is 15 
substantially gas-tight, the X-ray inlet and outlet being sealed with an X-ray transparent material. 
9^ein^mentaccordingtoClaim8 

contact with the sample retained by the sample holder. ^ - 

10. A method for analyzing the thermodynamic and structural properties of matenal which comprises. 
20 (a) subjecting a sample of the material to a temperature program. 

(b) observing a thermodynamic property of the sample throughout such program, and 

(c) simultaneously exposing the sample under observation in step (b) to an X-ray beam and observing 
spectra of X-radiation diffracted from the sample throughout the program. 

iT The method according to Claim 10 in which the sample and a reference sample ^e simultaneous y 
25 subjected to a program of controlled temperatures by separately supplying power to each, contro I ling i the 
Power suppliedtothesample and referer^ 

STe program, and measuring as the observed thermodynamic property the differential between the two 
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